INTRODUCTION
Control of the Peripheral Circulation, Physiologists' Bliss and Biophysicists' Ignorance. More than a century ago, Bernard (1851) discovered the function of the vasomotor nerves to the ear of the rabbit by cutting them and observing the vasodilation. Two years later, 1853, Sequard stimulated the sympathetic nerves in the neck of a rabbit and noted the intense vasoconstriction.
It is astonishing that only in the last few years have there been quantitative studies of the control of the caliber of the arterioles by these, or other vasomotor nerves. Due to the recent work of Girling (I), Folkow (2) , Folkow and Gernandt (3) , Van Bobben-Broekema and Dirken (4), we now know what frequency of impulses in these nerves produces what degree of increase of resistance to flow, and can estimate the physiological range of frequencies in vasomotor nerves, both constrictor and dilator. These frequencies are very low, certainly less than zo/sec. Some details of the transmitter mechanism at the effector smooth muscle of the blood vessel wall are also known (2) . It is perturbing to realize that the century of delay in obtaining this information is probably due to the use of improper electrical stimuli, like those of the inductorium or condenser discharges of short duration. To stimulate these nerves without destroying them, a stimulus of at least 15 msec. should be used. This lends weight to the remark of a physiologist at a meeting some years ago, that what physiology needed was a 'moratorium on the inductorium. ' Physiologists can also feel quite complacent about their knowledge of the control of the circulation by vasoactive drugs, though the discovery of the distinction between nor-adrenaline and adrenaline has required a repetition of many classical experiments to re-evaluate our knowledge. The monograph of Barcroft and Swan (5) shows how much has been done in this field. There remains, however, a very great area of ignorance regarding the 'venimotor system' controlling the tone of the venous their functions, are precise definition of
MEASURES OF ELASTICITY

Mechanical
Properties of Materials, Confusion of Usage. Physicists are most particular to have unambiguous definitions of technical terms. Unfortunately those in other branches of science are not so careful to be precise, and in the field of elastic behavior there is serious confusion. Elasticity is properly defined as the property of materials which ena.bles them to resist deformation by the development of a resisting force or 'tension.' All coefficients of elasticity are defined as the ratio of this resisting force (which at equilibrium is equal to the applied deforming force, or 'load') to the measure of deformation produced. Thus, by the physical definition, a material of 'high elasticity' resists deformation, e.g. stretching, by a large force; so that it takes a large force to produce a given deformation.
A material of 'low elasticity' cannot resist deformation so well, and it takes only a small force to produce the same degree of deformation. Thus glass or steel has a much higher elasticity than does rubber.
Most unfortunately, popular usage of the adjective 'elastic' connotes the opposite. If a material like rubber is easily stretched, it is popularly said to be 'elastic' and glass is 'not so elastic' as rubber. The confusion has so entered the physiological literature that one has to consider very carefully what an author means when he uses the term 'highly elastic,' whether the physicist's meaning or the opposite. In addition, popular usage of the term 'elastic' often includes quite a different concept to that of the force resisting deformation. The degree of deformation (e.g. stretch) that is possible before there is an irreversible change, or 'yielding,' is often involved. In reality, this is quite a separate property of materials to their coefficient of elasticity. Glass has a high elasticity (physical sense) but can be stretched only slightly before it breaks, as we all know, while rubber, having a much lower elasticity, yet can be stretched very greatly before it 'yields,' so that it will not come back to the orinal form when the force is removed. In Physics and Engineering this second characteristic is denoted by the 'tensile strength,' 'breaking strength' and 'yield point' of the material. There is a distinction between these. 'Tensile strength' refers to the load applied which produces an irreversible change, i.e. the material does not return eventually to the original length. Breaking strength is the load required to produce actual rupture. Together with this measure of the force required to reach the yield point, we need to know the 'maximum extemiod in percentage of the original length, before the yield point is reached.
To make the word 'elastic' even more unruly, there is a second technical meaning given to it even in Physics, for in kinetic theory a 'perfectly elastic collision' between molecules does not mean one where enormous forces are developed for a small deformation of the colliding molecules, but that in a collision there is no dissipation of energy as heat.
What should we do about this semantic confusion? It seems too much to hope that physiologists can, at this late date, be persuaded, when they use, in their descriptive writing, terms that are identical with those having a precise meaning in exact sciences, to study these technical usages before they use terms. (Incidentally, after reading histology books and papers on the subject of this review, a mathematician must wonder if others can ever be persuaded of the difference between 'spiral,' like a watch spring, and 'helical,' like a door-closing spring. There can be no such structure as a 'spiral staircase,' and most of the histological structures described as 'spiral' are 'helical.')
The best solution seems to be to drop the contentious word 'elastic' altogether, except when used in its precise technical sense in coefficients of elasticity, and to substitute the words 'distensible' and 'distensibility' (for volume changes) and 'extensible' and 'extensibility' for linear deformations. So far, no one has used these in a contradictory sense.
Moduli of Elasticity. There are only two fundamental moduli of elasticity, though there can be any number of derived 'moduli' or 'coefficients' according to the particular manner in which we apply the deforming forces. The two fundamental moduli are: a) The bulk modulus, 'volume elasticity,' or 'cubic elasticity,' denoted usually by K; this gives the force with which a material resists a change of its volume, while its shape remains constant. (Press or pull on the six faces of a cube of material with the same force on each.) For liquids and solids this is very high indeed, and therefore for the tissues we do not often have to take it into account at all. We treat them as 'incompressible.'
b) The 'rigidity, ' 'torsion modulus,' or 'shear modulus' usually denoted by 72. This measures the force by which materials resist a change in shape (shear), while the volume remains constant (apply equal and opposite tangential forces to two opposite sides of a cube of material).
A derived modulus of elasticity that is of application to the biophysics of the blood vessel wall is Young's Modulus, or 'longitudinal elasticity.' This applies where two equal and opposite (diverging) forces are applied to the opposite faces of a cube, so that there will be not only a change of shape but of volume as well. It applies to stretching a spring or rubber strap by loading it with a weight at one end, the other being fixed. Young's Modulus is usually denoted by Y and it is given by the equation:
Where F is the force in dynes exerted on the material, AZ is the extension produced beyond the unstretched length, lo , and A is the cross-sectional area in square centimeters. Y is therefore given in dynes per square centimeters for IOO per cent elongation. It can be shown, as with all derived moduli, that Y is connected with n and K. Y = (9&)/(3K + n). If, as in the case of tissues, K is very large compared to n, Y is approximately equal to 372. Following the suggestion above, and popularizing the use of 'extensibility' rather than its opposite 'elasticity' we should have a reciprocal modulus to Young's modulus, which would be called 'Gnuoy's Modulus' (after the famous biophysicist, Dr. Gnuoy, a close relative of the physicist, Dr. Mho).
Another derived modulus, used in connection with blood vessel distensibility, is the 'volume distensibility' D (which Bramwell and Hill, ref. IO, related to the pulse wave velocity by their famous equation). The volume distensibility is defined as: D = (100/v) (*V/aP) (Y o increase in volume per millimeter Hg rise of pressure). Here V is the volume contained in a given length of blood vessel, and AV the increase in volume when the pressure within the vessel is increased by AP mm. Hg.
The connection between the volume distensibility, D, and the Young's Modulus Y of the wall of a blood vessel is an unexpectedly complicated one. This is because, fundamentally, the tension in the wall depends not only on the pressure but upon the radius also. Laplace's law is: T = P.r.
When the pressure is increased by dP, the radius increases by dr, The increase Equating the twokalues for dT, we find: drldp = r/(YA/r, -P). The volume distensibility D is given by: D = (100/V).
(dV/dP) = (zoo/r) (dr/dP) (since V is proportional to Y 2, the length being considered constant). We have then for the relation between D and Y: D = 200/( YA/r, -P). This relation shows us that even if we were dealing with a substance obeying Hooke's law ('it tenso, sic vis'), in which case Y remains constant independent of how much the material is stretched, the volume distensibility of a cylindrical vessel would not be at all constant, but increase as the pressure was increased. In fact, when P equalled YN r 0 , the distensibility would become infinite. This is the familiar 'blow-oat' of a rubber tube. Lack of knowledge of this complication due to the law of Laplace has led to misinterpretation of volume-pressure curves of blood vessels, which are usually sigmoid in shape. This shape can only be interpreted in terms of the elastic behavior of the elements of the wall if we translate volume-pressure curves to 'tension-radius' curves, which are 'elastic diagrams' for the wall of the vessel, by the use of the law of Laplace. When this simple transformation is used, it is remarkable how the subject is illuminated, as for example, in the case of the changes in elastic behavior of the aorta with age. Others have in reality used the same transformation, e.g. Krafka (I I), in considering the elasticity of the aorta, but have stated it in terms of rather obscure formulae of engineering practice instead of by the simple clarity of Laplace's law. By this transformation we can utilize and bring together the older work which was done on strips of arteries stretched by weights, and the more recent work on the whole arteries stretched by increase of pressure within them.
ELASTIC PROPERTIES OF THE DIFFERENT TISSUES
Elastic Properties of the Endothelial Lining. The single layer of 'pavement' endothelial cells is to be found in all blood vessels without exception (unless it be the sinusoids). Its mechanical properties can be estimated from those of the capillary, where there is little else but this endothelial lining. There is an excellent review on the structure of blood capillaries by Danielli and Stock (12) . Nagel (13) investigated the resistance to deformation of capillaries by the use of a microdissection needle. He found that the endothelium had little or no resistance, and what little it had was due to the supporting connective tissue, where that was present. Though Danielli and Stock report this work as indicating an 'extraordinary elasticity,' evidently this means an extraordinary 'distensibility' or deformability, so that endothelial cells cannot resist deformation by developing any appreciable force. Certainly the many excellent micromotion pictures of capillaries that have been taken suggest this. It seems very probable, then, that we can ignore the contribution of the endothelial lining to the total tension in the wall of blood vessels, except in the case of the capillary. Even here, the 'periepithelium, ' an outer tube of connective tissue fibers which surrounds the capillary according to several workers (see 12) may be chiefly responsible for the tension developed when the capillary is distended.
Whether or not the endothelial lining can develop an 'active tension,' i.e. is capable of independent contraction and of changes of shape which tend to close the lumen, is apparently still a matter of debate (14, IS As will be discussed later, we feel that this change of shape of the endothelial lining cells is an important factor in the complete closure of the small vessels, but there seems little reason to suppose that this is anything but a response to the forces exerted by the other elements in the wall, lying outside the endothelial lining. The rounding up of the endothelial cells seen in a constricted vessel may be analogous to that of the crystalline lens in accommodation of the eye, about which there was a classical debate, and which we now know to be due to an intrinsic tendency of the lens to assume a spheroidal shape unless restrained by the external forces exerted by the zonula. In the case of the endothelial lining cells, a 'surface tension' of the cell boundary would account for it.
We assume therefore that the elastic tension due to the endothelial lining cells is negligible in the total tension, and also that active tension from these cells is also negligible. Their physiological function seems much more concerned with the exchange of water, electrolytes and other substances between blood stream and tissues than with the mechanical equilibrium of blood vessels. Their smooth, flat character no doubt is of some importance in hemodynamics, but this may have been exaggerated by those who do not realize that with streamlined viscous flow in all but the smallest blood vessels, there is no 'slip' and that the layer of plasma immediately in contact with the wall has no relative motion to that wall.
We should not think of the endothelial cells as at all rigidly f'lxed in the wall by cement substance, for Sanderson (14) noted that individual cells travel in all directions along the vessel wall. In the phenomenon of diapedesis also, one is impressed with the extreme lability of these cells. Elastic Fibers and Their Elastic Properties. All varieties of blood vessels, except the smallest arterioles, the capillaries and the smallest venules, have elastic tissue as a prominent component. In the small vessels it is mostly in the specialized layer, the internal elastic lamina, but in the larger 'elastic' arteries (as the aorta) elastic fibers are well distributed in the media and adventitia also. In the aorta as much as 40 per cent of the wall, by weight, is elastic (16) . When fixed and stained these elastic fibers look just as one would want 'elastic' tissue to look, i.e. like folded springs. There has been a good deal of biochemical investigation of the composition of these fibers, i.e. of 'elastin' (17, IS) . Though the methods used in extraction give pure elastin, in the form of a yellow powder, if was not possible to investigate the mechanical properties of the material, since though the particles microscopically show nothing but fragments of elastic fibers, these are too small to work with. There exist, however, some results very suitable to our purpose. Hass (16, 19, 20) by slow extraction of rings of the aorta with 89 per cent formic acid at 45O C., was able to obtain the intact purified elastic network of fibers. Histological examination showed that after I 2 hours all the smooth muscle had been eliminated, and after 48 to 72 hours all the collagenous fibers were removed, while the loss of elastic fibers was only 2 to 5 per cent after 24 hours. He obtained the stress-strain or force-extension curves (i.e. the elastic diagrams) on rings of aortas at different stages of the purification. While there is evidence that there occurs a degeneration of the elastic fibers which are left (their maximum extensibility decreases) as well as this small loss of elastic tissue, the curves suggest that the properties of the original elastic fibers could not have been too greatly different from those of the purified network.
Unfortunately he stretched the rings of aorta, held by a pin under the top of the loop, by a second pin carrying weights hung through the bottom of the loop, and this makes exact interpretation of the shape of the stress-storm curves dimcult, especially at low loads where the loop was still not closed. The rigidity will be involved to some extent as well as the Young's modulus. It would be better to stretch the rings, retaining their circular shape, by the use of a balloon. However, he was able to show that the elastic diagram of the purified elastic tissue was linear up to the yield point. Thus the elastic fibers behave, as to their extensibility, like a strip of rubber obeying Hooke's law (ut tenso, sic tis.) In contrast the diagram for the intact aorta, while starting as a straight line of about the same slope as for the purified aorta, became a curve as the elongation was increased, with steadily increasing resistance to further stretch. We therefore have good reason to suppose that the network of elastic fibers in the blood vessel wall has elastic properties similar to that shown by simple substances like steel or rubber (Hooke's law plus eventual 'yielding'), and that the characteristic decrease in distensibility of intact blood vessels as they are distended is due to the intervention of the other elements in the wall, mainly to the collagenous connective tissue fibers.
Since Hass also made measurements of the 'tensile strength,' for which he had to estimate the total cross-sectional area of the elastic fibers he was stretching, it is possible to calculate the Young's Modulus for the elastic network from his data. A load of 50 gm. produced an elongation of about 40 per cent in the loops of aorta, and the cross-sectional area of the elastic fibers was about 0.04 cm. Clark (22) ingeniously estimated the Young's Modulus of the wall of living human veins by a plethysmographic method, and found it to be of the order of 5 X 10~ dynes/cm.2/roo % elongation (rapidly increasing as the pressure was raised).
Certain ligaments consist almost entirely of elastic fibers. Reuterwall (23) studied the elastic diagram of the ligamentum nuchae of the ox. His data suggest a Young's Modulus of about 4 X IO?, IO times greater than that we have estimated for the elastic fibers of the blood vessels, He found that the elastic fibers of the ligament could be stretched to 2.5 times their original length before rupture. He noted also the coiling of the elastic fibers in the blood vessel wall when they were unstretched. Comparing this with the elastic constants of some well-known substances (table I), we see that the elastic fibers are remarkably extensible compared to most substances, actually 5 to IO times more extensible than rubber. To satisfy ourselves as to this estimate, in view of the many conversions of units necessary to extract the data from the physical tables available, we hung a so-gm. weight on a rubber band, of cross-sectional area 0.04 cm. 2, the same as that of the elastic tissue in Hass's aortas, and found that there was an extension of 7 per cent, compared to 40 per cent for the aortas. Industry has apparently not yet succeeded in producing a substance so well adapted for its function of extensibility as elastic tissue.
It must be noted that the helical structure of elastic fibers rather than the properties of the material itself may be mainly responsible for this unusually great extensibility. This helical structure is found at the submicroscopic as well as the microscopic level. Gross (24, 25) has an excellent review with 142 references on the fine structure of connective tissue, including the elastic fibers. Some remarkable electron micrographs are shown, and it is suggested that on the molecular level also, the organization is helical. The molecular organization and fiber arrangement in the matrix are thought to be closely analogous to that of rubber. Thermo-elastic and thermodynamic properties of elastic fibers and of rubber are also similar (26).
From the data on the purified elastic tissue we can say only that the extension before the yield point is reached is certainly more than 60 per cent of the original length. Arteries can certainly be stretched to more than twice their diameter and circumference, without irreversible change in the elastic tissue, though in aortas of advanced age the pathologists see evidence of breakage of elastic tissue, and of protective infiltration of 'collagenous splints.' The tensile strength of the purified elastic tissue of the aorta shows a decrease with age (20) .
As to the breaking stress, that of the elastic fibers of the untreated aorta would also be greater than in the purified elastic tissue. It is of interest to compare the value in the table with the total tension in the wall of the aorta in normal conditions of blood pressure. The law of Laplace at once gives us this total tension. For an aorta of mean radius 0.8 cm. with a mean blood pressure (or transmural pressure) of 100 mm. Hg T = I00 X 1,330 X 0.8; = I X 10~ dynes/cm. length of aorta.
Hass (19) gives the average wall thickness (dry) as 0.13 cm. and 40 per cent is elastin, so we can take the total thickness of elastic fibers 0.05 cm., and the area of cross-section of elastin fibers, in a longitudinal section of the aorta, as 0.05 cm.2 for a I-cm. length of aorta. The tension per cm. 2 of elastin is then (I X IO~)/O.O~ or 2 X 10~ dynes/cm .2 This is one-third of the measured tensile strength of the purified elastic network. We see therefore that there would be a good margin of safety for the elastic fibers in the aorta, even if the load were not shared with the other elements in the wall, particularly with the connective tissue fibers. In the wall of every type of blood vessel except the capillary, there are white collagenous fibers in a matrix penetrating between the other elements. There is an enormous literature on the chemistry of collagen, and some on the fine structure, reviewed by Gross (24), but there seems to be little data from which one can calculate the Young's Modulus, the tensile strength, or the maximal extension. While it has not been possible to prepare blood vessel walls with only the collagenous fibers left, it seems likely that the properties of these fibers are similar wherever they are found, and in the tendon we have a tissue that is little else but collagenous fibers. The author is fortunate to be allowed to use some unpublished results of R. C. Buck, of this school, on the Achilles tendon of rats. The work was done at University College Hospital, London, under the supervision of G. R. Cameron, Department of Morbid Anatomy. Buck measured the stress-diagrams of regenerated tendon at different times after it had been severed. The relation between load and elongation was linear, and changed progressively with the time after operation, but curves for a year after the operation were made. In these, an elongation of 30 per cent was obtained for a load of about 4 kg. The cross-sectional area was about I mm.2 Then Young's Modulus: E/' = (4 X 10~ X 980)/10v2) X (100/30) = 1.3 X 10~ dynes/cm.2/Ioo% elongation. This agrees with fragmentary data in the older literature, given usually only in comparative units. We see then that the elastic modulus of the fibrous connective tissue in the blood vessel wall is about 400 times that of the elastic fibers. Compared to the elastic tissue, the collagenous fibers have a very slight distensibility, indeed, and a very high elastic modulus.
As to the stress required to cause rupture, this could be measured up to the 24th day, when the apparatus failed to provide enough force. At that time the breaking load had reached 0.3 X 10~ dynes/cm.2 and the maximal extension was between 60 and 70 per cent. For the normal tendon the tensile strength is probably much higher, though, as the modulus of elasticity was still increasing, the maximal extension of This would agree in showing that the collagenous elements in the vessel wall are hundreds of times less extensible than the elastic elements. Their maximal extension seems to be of the same order of magnitude as that of the elastic fibers but probably a little less. The force required to reach the breaking point is so great that the figure for maximum extension probably has little practical application. Most experimenters found that the clamps of the apparatus stretching collagenous fibers slipped before they could rupture the fibers. Elastic Properties of the Smooth Muscle. The experts on smooth muscle in their reviews (27-30) emphasize that we have no right to generalize about the properties of smooth muscles, as though these formed a biological entity as does striated muscle. Bozler (31) classifies smooth muscle into two main groups, 'multi-unit,' which are activated by true motor nerves and are organized rather like striated muscles, and 'visceral' smooth muscles which are rhythmically active by virtue of their own automaticity, and are syncytial. The smooth muscle of the blood vessel wall belongs to the first or 'multi-unit'
class. Even within the smooth muscles of one of these classes there are remarkable differences, as for example in the response of different visceral muscles to the same drug. The properties and physiological responses of smooth muscle from different locations, and from comparable locations in related species, are often quite different. It is therefore quite unsound to deduce, as some have done, the properties of the smooth muscle of the blood vessel wall from that of, say, the erector penis muscle of the cat or the retractor muscle of a snail.
Even if this were not so, there are the well-known difficulties in determining the elastic properties of smooth muscles, in that spontaneous contractions occur at inconvenient moments. Bozler (28) concludes that "it is not possible to distinguish, by purely mechanical methods, between actively maintained tension and passive elastic tension, nor between changes of activity and viscous effects." However, in all cases that have been measured, smooth muscles of all kinds exhibit great 'plasticity,' and 'viscosity' overshadows 'elasticity' in their behavior. Singh (32) studied these visco-elastic properties.
When the adductor muscle of Pecten or the retractor muscle of a snail (28) is suddenly increased in length, a considerable tension is immediately developed, but if the length is then kept constant, this tension disappears until the final tension is hardly measurably greater than at the original length. If the stretching is made slowly enough, the tension at no time rises appreciably. This type of elastic behavior is familiar to physicists and the interplay of true elasticity and of viscosity in 'nonMaxwellian bodies' has been thoroughly analyzed. While the transitory development of tension in the smooth muscle of the wall of blood vessels may be of importance where, in the systolic phase of the cardiac cycle, the stretch may be rapid, it is of less importance in the steady equilibrium of the smaller blood vessels where the pulse is less and the rate of change of pressure is much smaller. Alexander et al. (33) have recently studied the visco-elastic properties exhibited in the veins (where smooth muscle predominates) and uses the term 'delayed compliance' to denote the slow yielding that follows the injection of an increased volume of blood. Visco-elastic properties are fully discussed in the excellent book recently edited by Frey-Wyssling (34), where the chapter by Pryor deals specifically with muscle.
Since the steady tension developed when a smooth muscle is stretched, even to many times its original length, is so small, it is difficult to find many figures in the by 10.220.32.246 on June 21, 2017 http://physrev.physiology.org/ literature for smooth muscle of any kind, from which we can estimate the Young's Modulus, for comparison with that of the other elements in the wall. However, Bozler (35) states that in the retractor muscle of a snail, elongation to twice the normal length gave a permanent elastic tension of 60 gm./cm.2 of cross-sectional area. This would give a modulus of 6 X 10~ dynes/cm.2/Ioo% elongation. The elastic modulus for rapid stretch of this muscle from Bozler's measurements and his analysis of the relaxation heat (Bozler, Symp. Qua&. Biol.) was, by two methods, about IOO gm/ mm., or I X 107, which is hundreds of times greater than for steady tension. Whether the much smaller order of magnitude for the modulus of steady elastic tension applies to smooth muscle of the blood vessel wall, we cannot tell, but it would have to be 50 times as great to be comparable even to that of the elastic fibers. It is doubtful whether the elastic properties of the smooth muscle, at least in steady conditions, are of much significance in the elastic tension of the whole wall.
sion
The obvious function of the vascular smooth muscle is to produce 'active ten-' under vasomotor stimulation or the action of pressor drugs, and so alter the total tension in the wall and change the size of the lumen. The question may be asked, granting that the elastic tension of relaxed smooth muscle is negligible, whether that of the active, contracted muscle is also negligible. It has been claimed that the well-known increase in force of contraction with the initial length, a prominent characteristic of striated muscle, is also a property of smooth muscle of the ileum (36), and of the retractor penis muscle (37). If then the active tension depends on the length of the muscle, is not this equivalent to saying that there is an important 'elastic' component in the tension of active smooth muscle? Of course, this may not apply at all to the smooth muscle of blood vessels, but here we have the well-known 'myogenic theory' of Bayliss (329, who concluded, from plethysmographic studies of limbs and organs, that arterial vessels responded to an increase of pressure by a contraction of their smooth muscle. The author is reluctant to accept the myogenic theory for reasons that are not relevant here. Even if it is true, the elastic component of the contracted smooth muscle would still have to be many times as great as that of relaxed smooth muscle to be of significance compared to the elastic forces due to other tissues of the wall. There is, moreover, direct evidence that, even when powerfully contracted, the smooth muscle has very little resistance to stretch. Astonishing
Elastic diagrams of elastic fibers alone, of collagen fibers alone, and of the combination in parallel in the wall of blood vessels.
as it may seem at first sight, there is evidence that an artery under vasomotor tone, i.e. constricted by the contraction of its smooth muscle, is more, not less distensible, than the same artery when relaxed, in certain ranges of pressure. Langren (39) showed that the application of adrenaline to the wall of the carotid-sinus vessels caused an increased distensibility of the wall, in spite of a diminution of the diameter of the artery. Alexander (40) also noted this paradoxical effect of vasoconstriction in the aorta and in the peripheral vascular bed of intestinal loops. This is very easily explained by the fact that the resistance to stretch of the elastic and collagenous fibers increases greatly as the wall is stretched (see later section), and that when the smooth muscle makes the vessel diameter smaller, these fibers are brought closer to their unstretched length, and thus are less resistant. However, the increased distensibility when the smooth muscle contracts could not be evident if the muscle itself possessed any significant elastic properties.
For these reasons it will be assumed that the smooth muscle of the wall, whether it be relaxed or contracted, contributes very little, directly, to the total elastic tension of the wall. Its function, rather, is to produce active tension, independent of stretch. In performing this function, smooth muscle is remarkably efficient. Bozler (41) showed by measurements of smooth muscle heat that the 'economy' of energy is greater than in the case of straited muscle, and smooth muscles were "able to maintain a tension for a long time with a very small expenditure of energy." Moreover exercise of the muscle makes it up to 15 times more economical, a change which is related to the slowing of the contraction process. Bayliss (42) suggested that the energy consumption of smooth muscle decreased if the muscle was allowed to shorten under constant tension. These considerations, if they apply to the muscle of the blood-vessel wall, suggest that this is beautifully adapted for its function in the control of the circulation.
As to the arrangement of the smooth muscle within the wall, circular or ring structure predominates, and it is difEcult to find any longitudinal muscle in most blood vessels. Oblique fibers have been described, but in teased preparations it appears that these are indicative rather of helical organization. Strong (43) finds in the media of the distributing arteries a continuous helical band of smooth muscle, wrapped round the intima like the insulation on a cable. Benninghoff (44) sees two different arrangements of the muscle in the artery wall, circular fibers, anchored to each other in rings, and other muscles which he calls 'spann-muskeln' ('linkagemuscles') which are anchored at each end to the fenestrated elastic membranes which he describes (in the aorta of the horse and the ox) as lying below and on top of each muscle layer.
A completely satisfactory analysis of the mechanics of the vascular wall would have to take into account the changes in length of vessels as well as in diameter when the blood pressure is changed, or when there is a change of tone. The smooth muscle is so nearly circular, or the 'pitch' of the helix is so small, that it is justifiable to treat the active tension as at right angles to the axis of a cylindrical vessel. It is wise to understand the function of the wall in two dimensions before it is attempted in three. ' Comparison of Elastic Properties of the Different Tissues. To summarize, extension for some common substances and for the four tissues in the vascular wall. The data for these are scanty but sufficient to show that there is a hierarchy of mechanical properties, with very great differences in elasticity between the different levels. The next step is to see how these very different elastic characteristics are related to the functions of the different tissues, and to study the interrelations of function. It is fortunate that there is such a wide variety of admixture of the different elements in the blood vessels of different size and category. This variety provides us with a series of 'experiments' from which we should be able to deduce the function of each of the elements from the difference in behavior of vessels where one or the other of the tissues predominates. Figure I has been drawn to summarize, very roughly, this variety of composition of the vascular walls. It is a 'pictogram' only, and the proportions indicated are those derived from study of the text books of histology. Nature provides us with vessels where there is little else but the endothelium (capillaries), where elastic fibers greatly predominate (the aorta), where smooth muscle predominates but elastic laminae are obviously functionally important also (the arteriole), where there is muscle without elastic tissue (the sphincters of arterial-venous shunts), and where collagenous fibers only appear with the endothelium (the venules). Again, by study of the pathology of blood vessels, noting which tissues are changed, and relating this to the functional disturbance, it should be possible to discriminate between the functions of the different tissues. There must always be a total tension in the wall sufficient to counteract the distending tendency of the blood pressure which prevails in each of the blood vessels. Taking the diameters of the vessels given by the histologists, and the pressures of blood within them provided by the physiologists, the total maintenance tension can be calculated by the law of Laplace (T = P X r). This has been done (7), as shown in table 2. Several features shown in table 2 are to be noted. a) The range of maintenance tension is very great indeed, from 170,ooo dynes/cm. for the aorta, to only 16 dynes/ cm. for the capillary. b) The tension the capillary wall is required to keep up is very small indeed, not so much because the blood pressure here is low, but simply because the capillary is so small. How small a tension 16 dynes/cm. really is, will be realized when it is stated that the breaking stress of a I-cm. strip of the thinnest commercial paper tissue (Kleenex) is about 50 gm., i.e. 50,000 dynes/cm., which is 3000 times as great as that in the capillary wall. It is now possible to understand how so fragileappearing a tissue as the capillary wall can withstand the blood pressure.
c) The reason given in some books for the reappearance of elastic tissue in the venous vessels, in spite of the fact that the blood pressures in them are less than that in the capillaries and venules, has been that this was to withstand the stress of outside pressures from other tissues and organs. The table shows that a much more satisfactory explanation is that it is the increase in diameter that necessitates the reappearance of elastic tissue, and this increase in size overshadows the reduction in pressure, so that the required maintenance tension rises from its minimum for the capillary to a value in the vena cava a thousand times that in the capillary.
Comparison of the values of the maintenance tension in the table with figure I shows at once that there is no correlation with the presence or amount of smooth muscle, but a very close correlation with the amount of elastic and fibrous connective In contrast, for strips of arteries, the curve, after the initial straight part, curves the other way, i.e. towards the axis of tension. The more a blood vessel wall is stretched, the more it can resist further stretch. Clark (22) found that the distensibility of human veins decreased with the pressure. MacWilliam (46), using the same method as Roy, found that when post-mortem contraction had occurred, the maximum extensibility was not at zero stretch, i.e. the curve was sigmoid, but for fresh arteries the above statement was still true. He also studied the volume distensibility of the arteries (47) though he did not obtain the elastic diagram by the use of the law of Laplace.
All observers since have found the rule noted by Roy to be true, that as a blood vessel is stretched it becomes less distensible. The well-known volume-pressure curves of Hallock and Benson (48) on the aorta and on the vena cava, when translated (see 7) show this feature markedly, especially in the case of the vena cava. Studies of pulse-wave velocity show the same thing (49). There is no need to cite the dozens of references to modern work, all of which agree on this point.
How are we to explain this elastic behavior of the wall, which is so different, from that of simple substances?
The answer is obvious.
In the wall we have the two elements, elastic fibers and collagenous fibers, with the Young's Nodulus of the latter several IOO times that of the former. The init.ial slope of the elastic diagram for the wall of arteries corresponds, in order of magnitude, with that of the elastic fibers, and the final slope, when the wall is greatly stretched, with that of the collagenous fibers. We must suppose that the architecture of the wall is such that with the first stretch only the elastic fibers come into action in producing tension.
With further stretch, t.he unstretched length of more and more of the collagenous fibers is exceeded, until finally these fibers are all stretched and offer a relatively nondist.ensible restricting 'jacket' to the blood vessel. We should think of the two elastic elements as 'in parallel' with each other, but with the collagenous fibers initially at less than their unstretched length ( fig. 2) . The reader ma.y take a strip of rubber, and tie several pieces of string to its ends (i.e. in parallel), with varying degrees of slackness in the strings, to have a model of this. Stretching this model gives an elastic diagram similar to that of the wall of blood vessels. The folding, concertina-like arrangement of the collagenous fibers on the microscopic and submicroscopic scale may represent the 'slack' in the strings of the above model. Reuterwall (2,~) in his very full discussion of the elastic properties of the blood vessels notes that. in fresh preparations the collagenous fibers are found in a curled or waved condition, and that this must, have a functional significance. His view of the combined function of the two elcmen ts is the same as that just given.
This separation of mechanical function of the two kinds of fibers in the wall is confirmed by study of the changes in elastic behavior of the aorta with age. The original curves of volume against pressure are hard to interpret , but when these are transformed, by Laplace's law, into the corresponding elastic diagrams (7) the interpretation is clear. The ageing process is one in which the initial slope of the tension vs. stretch is reduced, i.e. the elastic fibers are weakened, but. the final steep slope of the connective tissue 'jacket' is reached at a smaller stretch than before. This corresponds with the pathologist's picture of ageing in the aorta, i.e. the degeneration of elastic fibers and the invasion of connective tissue fibers. An interesting speculation is whether the incidence of aortic aneurism, which after all is nothing but the 'blowout phenomenon' already discussed, is not explained on the same theory. If the elastic fibers have degenerated, as in syphilitic disease, before the protective fibrous jacket has taken its place, we would have the elastic diagram of a simple substance, showing 'yield' as the stretch of the remaining elastic fibers increased, before the final upturn of the curve, due to fibrous tissue, occured. This would give the possibility of such a 'blowout' as the pressure increased (7). However, Clark (22) found that the distensibi1it.y of veins increased with age, contrary to the distensibility of the aorta. Here we may suppose a loss of elastic fibers without the infiltration of fibrous connective tissue. We conclude then that the elastic fibers, with their great range of extensibility before the elastic limit is reached, have the function of producing maintenance tension against the normal blood pressures and the normal pressure fluctuation. (7) . It reveals that there is a fundamental instabi1it.y in a cylindrical tube having a tension in its wall. Unless there is some automatic adjustment of that tension as the wall is stretched or reduced in circumference by changes in blood pressure, there can be nothing but a most precarious balance between the opposing forces. The reason for this instability can be stated in the following way. Suppose that the tension in the wall is just right in magnitude to be in equilibrium with the pressure, by the law of Laplace, i.e. it is equal to the product of the pressure and the radius of the vessel at that moment.
Suppose now that the tension (e.g. exerted by the smooth muscle of the wall) increases. The radius of the vessel will naturally decrease. The maintenance tension, i.e. that required to hold in equilibrium the original pressure, now that the radius is smaller, will be less than before. The tension will therefore continue to 'win' over the pressure and there will be a further decrease in radius. So on 'ad infinitum' or until some new factor prevents further reduction in radius. Similarly if the tension were to decrease (or if the pressure increased) and began to 'lose' in the struggle with the pressure, it would continue to lose and 'blow-out' would occur. To give any kind of stability to the wall of a blood vessel, there must be an 'elastic' tension, depending on stretch, so that the tension in the wall automatically changes as the vessel changes its size, and so that, Laplace's law can st.ill be satisfied. Graphical analysis (7) shows how with a combination of 'elastic and 'active tension,' a degree of stability and a stable graded contraction of the blood vessels under vasomotor tone are possible. The discussion already given of the elastic properties of smoot.h muscle indicates that this tissue itself does not possess sufficient elasticity, i.e. automatic change of tension with stretch, to make possible a graded contraction.
Hence we see a new, most important function of elastic tissue in the blood vessel wall, acting in cooperation with the smooth muscle, i.e. to make possible stable graded contraction.
When a vascular wall is notably deficient in elastic tissue, but possesses smooth muscle ('sphyncters' are an example, as in the 'glomus' of arterial-venous shunts and perhaps the sphyncter of the met-arteriole), we should expect that such a structure would exhibit instability, so that the lumen could be either open or closed but could not maintain a graded constriction. It is interesting to note that Walder (so) showed conclusively, in the case of the A-V shunts of the human mesentery, that glass or plastic spheres of large diameter (up to 140 p) either passed these shunts freely, or not at all, i.e. the shunts were either open or closed. He never found any evidence that they were 'half-open' or 'half-closed.' The simple analysis predicts more than this. If the pressure in a vessel is reduced, the wall will eventually reach its unstretched length. At pressures less than this, in spite of the presence of elastic tissue, there will no longer be any elastic tension to provide the automatic adjust-ment required for stability, and once again we should have the fundamental instability first discussed. The prediction is therefore that there should be a 'critical closing pressure' for each vessel, of a magnitude determined by the active tension (of smooth muscle) in the wall, and the size of the vessel. At pressures below this, abrupt. closure of the lumen should occur, unless there is some new factor preventing t.his. There is now much experimental verification of this (I, 51-53) , and critical closing pressures have been shown t-o rise to values above the usual blood pressures in cases of high vasomotor tone. It is highly probable that. the 'critical' vessels that close first are the arterioles. tone as for dilated vessels; the resistance reaches a constant value for high pressures. But when the vessels are constricted, the final constant value of the resistance is much greater than when they are dilated. This increased constant resistance, indicating a decreased size of lumen even at the highest pressures, is so independent of the pressure that it looks as if it would require an astronomical pressure to increase the lumen to the final size reached in dilated vessels. This means that when the smooth muscle contracts, it pulls in the restrictive wall or jacket of connective tissue fibers, and somehow 'holds in' the jacket in the face of very high pressures. When it is considered how the connective tissue penetrates throughout the spaces between the smooth muscles, it is perhaps not surprising that constriction of the muscle must tighten up the network of collagenous fibers. Nevertheless there is a paradox here. Even when it is contracted, smooth muscle is incapable of withstanding any appreciable tension without stretching, since the elastic constant of smooth muscle is very low compared even to that of elastic fibers. How then can the wall, even though the fibrous structure has been pulled in by the shortening of the smooth muscle, withstand high pressures without the stretching of the smooth muscle that had produced this 'pulling in'? Obviously, if we considered the smooth muscle as simply attached 'in series' to collagenous fibers, this would be impossible. We are forced to consider some more complicated feature of the architecture of the wall which will give the smooth muscle a very great 'mechanical advantage' over the tension exerted by the blood pressure, in accomplishing this tightening or pulling in of the connective tissue.
Since the paradox exists, the biophysicist must be permitted to speculate as to an arrangement of the elements of the wall that might resolve it, even though his speculations are without basis in anatomical observation. Perhaps the speculation may stimulate the micro-anatomist to prove it wrong, and discover the true explanation. The arrangement shown in figure 3A would give a very great mechanical advantage to the smooth muscle in resisting an external stretching force. Constriction of the muscle would remove the 'slack' or kinks in the collagenous fibers, i.e. reduce the effective 'unstretched' circumference of the vessel. The force tending to stretch the smooth muscle, however, would be only a component of the applied external tension, resolved through the angle which is close to a right angle (Cos. 8 is very small). This type of leverage, to give a big mechanical advantage, is used in some pointer movements in electrical instruments.
However, this arrangement will not meet the conditions we know to exist in the blood vessel wall, for there the smooth muscle is arranged circumferentially, and we need to explain how, when the muscle contracts, the resistance to circumferential rather than to longitudinal stretch of the wall can be so great. We have therefore to add a second stage of mechanical advantage, and make the collagenous fibers of figure  3A tighten up other circumferential fibers as in figure 35 The mechanical advantage of the smooth muscle over the external stretching force is now very great indeed. For example, if the angles 8 and (O in figure 3B were each 85', the tension exerted on the muscle by the external force would be only 0.8 per cent of the externally applied tension. The diagram of figure 3B of course illustrates only the unit of arrangement of a smooth muscle with the connective tissue or elastic fibers to which it is attached.
To convince ourselves and other sceptics that such an arrangement did indeed provide an enormous mechanical advantage, the working model shown in figure 4 was constructed. It is astonishing how the small weight (40 gm.) is able to hold the by 10.220.32.246 on June 21, 2017 http://physrev.physiology.org/ network of strings so that the very much greater weight (1600 gm.), representing the tension in the wall due to the blood pressure, is unable to straighten out the strings. Moreover, the greater the stretching weight, the greater becomes the mechanical advantage of the small weight, as the angles of the strings approach right angles. With this arrangement of the muscle in the wall, blood pressure, no matter how great, could never make the smooth muscle release the collagenous network.
Benninghoff (44) describes fenestrated elastic membranes wrapped, co-axically, round the intima of the aorta, with layers of smooth muscle between. He is particularly interested in the anchorage of the ends of the muscles to these elastic networks, SO that the contraction of the muscle results in the pulling up of the elastic tissue into 'corrugations.' He apparently does not appreciate the paradox outlined above, but his picture of the attachments would be consistent with our view. Let us analyze the essential conditions implied in the theory of a mechanical advantage for the 'spannmuskeln.' ct) There must be a network of interlocking elastic or collagenous fibers, with longitudinal fibers anchored at their intersections with circumferential (or tangential) fibers. Most anatomists would agree that such networks exist in the wall of arteries. b) The smooth muscles, or at least some of them, must be attached to this network, not to the tangential but to the longitudinal fibers. Evidence on this has not to our knowledge been published. c) In addition, there must be a circular, or helical, organization of the smooth muscle and the elastic or collagenous networks to which it is attached. This is because, if we were to add a second 'ladder' in figure 3B side by side with that shown, and a 'rung' fiber were connected, for example, at the apex of the angle in the figure, pulling in the opposite direction to that shown, the arrangements would not function as described, The side-by-side 'ladders' must be separate. Strong (43) has shown that a helical organization of the muscle exists, and others see it as circular or ring-like.
We may suppose as many 'ladders' superimposed as we wish, and the muscles may be strung, as Benninghoff suggests, from a rung of one ladder to a rung of a ladder above or below, as long as no 'rung' has two muscles attached pulling in opposite directions.
Two of the three conditions for the theory are known to be satisfied. It is to be hoped that evidence will be forthcoming from the micro-anatomists as to the remaining condition (b) . Certainly the paradox exists and must be faced, whether or not the above theory of a mechanical advantage is verified. Benninghoff at the same time remarks on the lack of elastic resistance of smooth muscle, and suggests that somehow or other the muscle is capable of 'locking' itself at the contracted length.
The theory does not require that all of the smooth muscle of the wall be so arranged, but only those muscles (span-muscles) which are concerned in tightening up the elastic and connective tissue fibrous 'jacket.' Other circular muscles may directly reduce the diameter of the lumen without a mechanical advantage. A great mechanical advantage, of course, means an equally great 'displacement ratio.' In the working model the small weight (smooth muscle) has to move through a very much greater distance than does the large weight it opposes. Smooth muscle has, above all, the property of exerting force in the face of large changes in its length (shortening).
Participation of the Endothelium in Closure of the Vessel. There can be doubt that blood vessels do close their lumena completely, so that no flow results in vascuby 10.220.32.246 on June 21, 2017 http://physrev.physiology.org/ Downloaded from lar beds in spite of a significant driving pressure, but it has been di5cult to see how a thick-walled arteriole did it. Questions naturally arise as to what happened to the cells of the endothelial lining, for if they retained their flat pavement. &ape, the closure could not be imagined. To postulate that the closure is always on blood cells, so as not to be absolutely complete, does not explain how closure takes place, as it does equally well, when vascular beds are perfused by Ringer's solution instead of blood.
There is also a di5culty about critical closure that is a consequence of the law of Laplace. The 'instability' occurs at or near the 'unstretched' circumference of the blood vessel, when, if the pressure is insu5cient, the vessel will tend to go on contracting until closed. If now the pressure be raised to open the vessel once more, the 'critical opening pressure' should be considerably greater than the 'critical closing pressure' at which the closure started. This is because the radius of curvature is much smaller once the vessel is closed, and therefore the 'mechanical advantage' of the tension greater still. This principle applies to the blowing up of a balloon, and to the veins (which flatten as they close) where considerably more pressure is required to open a collapsed vein than the pressure at which it collapsed. Yet, in our laboratory, we have always found that the critical opening pressure of peripheral vascular beds (in all probability that of the arterioles) was the same as the critical closing pressure.
Both of these difiiculties, as to the mechanism of closure, and as to critical opening pressure, have been illuminated by recent work (unpublished) of R. C. Buck and R. A. Haynes of this Medical School. Histologists have frequently seen the bulging into the lumen of endothelial lining cells, and some have tended to think of this as due to fixation artefacts. Others describe longitudinal folds of the endothelial cells in constricted arteries (43) . Buck has used the rapid freezing-drying technique to obtain sections of the tissue of the tail of young rats, with different positive tissue pressures applied to the tail at the moment of freezing. The positive pressure encourages the critical closure of the small vessels under tone. The results show quite clearly that in arterioles of small size, with three, four or five endothelial cells in a cross-section, these cells round up completely and meet at a point to obliterate the lumen. The nuclei of the cells, usually seen as narrow lines in cross-section, become spherical and seem to move towards the center of what was the lumen. The elastica intema behind the endothelial lining is remarkably folded in concertina fashion. We might assume that the elastic fibers when so compressed into folds can exert a force resisting compression, as well as one resisting extension when they are normally stretched. There would then be a force tending to open the vessel, counteracting the increased tendency to closure when the lumen was-smaller, and this might help explain how critical opening pressures can be equal to the critical closing pres- sures. In any case, we are convinced that the endothelial lining plays a most important role in completing the closure when the smooth muscle tone reaches the critical closing value. It does not seem necessary to postulate any active role of the endothelial cells, merely that the normal flat shape, of both cytoplasm and nuclei, is the result of the normal external forces (exerted by the cement substance) holding them to the wall, and that when the circumference of the intimal surface of the wall decreases they assume the spheroidal shape.
SUMMARY
Separate and Combined Functions of the Various Tissues. The valuable monograph of Wezler and Sinn (54) is mainly concerned with hemodynamics, but they discuss at some length the elasticity of the various tissues, and picture the elastic fibers, the collagenous fibers, and the smooth muscle as in parallel, reaching their unstretched length at different degrees of distension of the wall. The ideas expressed in this review are similar, except in respect of the arrangement of the smooth muscle.2 Figure 5 summarizes the ideas of this review as to the separate and combined mechanical functions of the four kinds of tissues. It indicates how unscientific it would be to consider any physiological behavior of the blood vessels in terms of the properties and behavior of only one of the component tissues of the wall.
Already we can correlate structure and function to the extent that, from inspection of the histological nature and architecture of the wall, we can venture a prediction as to how that vessel may behave under different blood pressures and degrees of vasomotor tone. This we owe mainly to the straightforward application of a very simple physical law, first given us more than a century ago by the mathematician and astrophysicist, Laplace, in one of the volumes of his treatise on celest.ial mechanics.
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